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richia coli. GeneBank annotates yigP as a putative protein-coding gene. In this study, we found a new
essential sRNA gene, esre, locates within the region of yigP. The E. coli strain with inactive esre must
rely on a complementary plasmid to survive. Moreover, RACE experiments showed esre encodes an
RNAmolecule of 252 nt. Further experiments revealed esre gene is immune to frame shift mutations
and the function of esre depends mostly on the RNA secondary structure, which are typical traits of
sRNA. Since it is difﬁcult to predict the target of an essential sRNA, more research is needed to reveal
the function and mechanism of esre.
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Non-coding RNA molecules are found in all kingdoms of life
with a broad range from bacteria to mammals, and affect a large
variety of processes such as plasmid replication, transposition in
pro- and eukaryotes, phage development, viral replication,
bacterial virulence, global circuits in bacteria in response to
environmental change, or developmental control in lower eukary-
otes [1–5].
Many of the discovered sRNA genes, ranging in size from 50 to
500 nucleotides, are conserved and located in intergenic regions
in-between open reading frames [6]. The expression of many sRNA
genes is growth phase dependent or stress related [3,7]. Their small
size makes it difﬁcult to detect by biochemical or genetic methods
[6]. Furthermore, sRNA genes are not translated into proteins and
are thus immune to frameshift and non-sense mutations. For these
reasons, until the year 2000 only 10 sRNA-encoding genes were
known in E. coli, most of which were discovered fortuitously [6].
Due to the developments of bioinformatics and biological tech-
niques, a lot of sRNAs were predicted by computer algorithms
and microarray technology these years [8–12]. However, their
functions and mechanism still required to be experimentally
validated.chemical Societies. Published by E
H. Zhang).
@ecust.edu.cn (H. Zhang).Up to now, most of the sRNAs are found to be non-essential
sRNAs, and they function as trans-factors with the similar mecha-
nism. They usual regulate the expression of target genes by binding
to their targets via complementary sequence [13]. Only few sRNAs
are essential for the cells, but each of them has distinct mechanism
of function. Ribozyme M1 RNA composes with C5 protein to be
endonuclease RNase P, which was responsible for the 50 end splic-
ing of bacterial tRNA to make it mature [14–15]. 4.5S RNA and Ffh
protein constitute the signal recognition particle, which recognizes
the signal sequence of new peptide synthesized by ribosome [16].
TmRNA has a tRNA analogous domain and a mRNA analogous do-
main, it can relieves synthesizing illegal mRNAs from ribosomes,
and tags the synthesized illegal peptides with degradable signals
[17–18].
As far as we know, yigP gene has been found in more than
eighty organisms and most of them are Enterobacteriaceae, includ-
ing several pathogenic bacteria. The sequence of yigP is highly con-
served among these organisms, suggesting that yigP may play an
important role in these cells. GeneBank annotates yigP as a puta-
tive protein-coding gene. However, no researches focusing on yigP
gene have been reported yet. In E. coli, yigP gene locates between
ubiquinone biosynthetic genes ubiE and ubiB (Fig. 1). In 2000, Poon
et al. [19] reported that yigP gene composed of an operon with ubiE
and ubiB gene and co-transcribed by the promoter upstream of
ubiE gene. In this study, we described a new sRNA gene, named esre
(essential sRNA in E. coli), which located within the downstream of
yigP gene. Esre transcribed by a promoter of its own and exhibits
indispensable function for E. coli.lsevier B.V. All rights reserved.
Fig. 1. Primers used to amplify different DNA fragments.
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2.1. DNA oligonucleotides and plasmids
The complete list of oligonucleotides used for cloning are
provided in Table S1. Plasmids used in this study were listed in
Table S2.
2.2. Bacterial strains, media and growth conditions
E. coli K-12 strain JM83 was used in this work, and cells were
grown at 37 C unless otherwise stated, in liquid or on solid
Luria–Bertani (LB) media supplemented with ampicillin
(100 lg ml1) or chloramphenicol (30 lg ml1) as indicated.
2.3. Inactivate the chromosomal yigP gene
The chromosomal yigP insertion mutant strain was constructed
using a temperature sensitive plasmid pMAK-101 according to the
method described previously [20]. The resulting mutant strain
with an insertion fragment in the chromosome was conﬁrmed by
PCR using primer pairs ubiE-B/dyigP-B and DNA sequencing (see
Figs. S1 and S2).
2.4. Complementary experiments
Every complementary experiment was performed triplicate as
following procedures: Firstly, the complementary plasmid (ampi-
cillin resistance) was conﬁrmed by DNA sequencing and then
introduced into the strain pMAK-102/JDP. Secondly, some single
colonies were inoculated into 30 ml LB containing ampicillin,
respectively, and grown at 37 C for 16 h. Then four more cycles
of growth at 42 C were carried out by diluting 30 ll of the over-
night culture into 30 ml of fresh medium. After that, single colonies
were isolated by plating dilutions of the overnight culture onto LB
plates containing ampicillin at 37 C. Finally, colonies grown on the
plates were identiﬁed for the absence of the pMAK-102 plasmid by
chloramphenicol resistance, at least 30 single colonies were tested.
Any colony sensitive to chloramphenicol were conﬁrmed by colony
PCR using primer pairs pCm-1/pCm-2, which are speciﬁc to plas-
mid pMAK-102, with strain pMAK-102/JDP as the positive control.
The resulting new strain was subsequently tested by PCR and
sequencing to conﬁrmed the chromosomal status and the comple-
mentary plasmid with no relapse.
2.5. RNA extraction and RACE
RNA was extracted from cells in exponential phase using RNA-
prep pure Cell/Bacteria Kit (TIANGEN BIOTECH) according to the
manufacturer’s speciﬁcations.
50 RACE assay were carried out essentially as described [21]
with minor following modiﬁcations. 300 ng of total RNA was re-
verse-transcribed with 2 pmol of esre-speciﬁc primer P005 with20 units of reverse transcriptase (Promega). Then the cDNA was
treated with RNase A to remove the template RNA, and tailed with
dATP at the 30 end by terminal transferase (TdT) (TaKaRa) as de-
scribed in the instruction. The dA-tailed cDNA was subsequently
ampliﬁed by nested PCR. For the ﬁrst round PCR, external esre-spe-
ciﬁc primer P007 and P006 (which could anneal to the cDNA’ dA-
tail) were used. For the second round PCR, internal esre-speciﬁc
primer P008 and P009 (which anneals to the 50 end of primer
P006) were used. The resulting PCR products were puriﬁed and
constructed into pMD18-T (TaKaRa) plasmid for DNA sequencing.
The sequences were aligned with E. coli chromosomal sequence
to determine the 50 end of esre.
30 RACE assay were carried out as described earlier with modi-
ﬁcations [22]. Total RNA was ﬁrstly polyadenylated by polyA poly-
merase (PAP) (TaKaRa) as described in the instruction. Then the
polyA RNA was reverse transcribed by reverse transcriptase
(Promega) with olig-dT derived primer P006 to create cDNA. The
cDNA was served as templates for subsequent nested PCR with
Taq DNA Polymerase. The ﬁrst round PCR was performed with
external esre-speciﬁc primer P010 and primer P009, which anneals
to the cDNA tails added by the RT primer P006. The second round
PCR used internal esre-speciﬁc primer P011 and primer P009. PCR
products were cloned into pMD18-T (TaKaRa) for DNA sequencing
and alignment to determine the transcription termination site.
3. Results
3.1. An insertion in yigP is lethal for E. coli
Initially, we wanted to check whether yigP is participate in ubi-
quinone biosynthesis as its adjacent gene ubiE, ubiB, which three
composed as an operon. So an E. coli mutant with inactivated yigP
gene was constructed by homologous recombination as indicated
in Section 2 (Also See Figs. S1 and S2). The resulting strain, desig-
nated pMAK-102/JDP (meaning JM83 with Deﬁcient yigP gene),
contains a new temperature sensitive plasmid pMAK-102 with a
wild type yigP gene as well as ubiE and ubiB via homologous
recombination.
In order to obtain strains with no active yigP gene to study the
cells’s characterization, the strain pMAK-102/JDP was grown at
42 C (the non-permissive temperature of plasmid pMAK-102)
for several generations to cure the wild-type yigP plasmid pMAK-
102. However, we found that it was impossible to cure the plasmid
pMAK-102 by many tries, indicating that the insertion mutation of
yigPmay be lethal to E. coli cell. To exclude the possibility that mu-
tated yigP affects its nearby genes ubiE or ubiB, another plasmid
plac-yigP as well as control plasmids plac-ubiE, plac-ubiB was con-
structed and complementary experiments were carried out (Sec-
tion 2) to check whether these plasmids could cure the plasmid
pMAK-102 from the strain pMAK-102/JDP. The results showed that
plasmid pMAK-102 was easily cured from the strain using plasmid
plac-yigP, but was unable to be cured by either plac-ubiE or plac-
ubiB (Fig. 2), suggesting the plasmid pMAK-102 can be cured only
Fig. 2. Conﬁrm the absence of plasmid pMAK-102 by colony PCR. Strains containing
plasmid plac-yigP lost pMAK-102 (lane 3), while strains containing plasmid plac-
ubiE (lane 1) or plac-ubiB (lane 2) not. The strains containing plac-yigP before
complementary experiments (lane 4), and plasmid pMAK-102 (Lane 6, plasmid as
PCR templet) are positive control, while JM83 is negative control.
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experiments provided evidences that the chromosomal insertion
directly disrupts yigP gene rather than affects the expression of
its neighboring gene ubiE or ubiB indirectly, that is the E. coli cell
must relies on the yigP gene to survival. This may be the reason
that Tomoya Baba ect. [23] failed to construct the yigP mutant
strain when they create their E. coli mutant strain bank, ‘‘Keio col-
lection’’. In addition, the fact that chromosomal inactivated yigP
can be complemented in trans by plasmid denies the possibility
of yigP to be a cis-element, indicating yigP may exhibit its essential
function via RNA or protein.
3.2. Esre is essential for E. coli to survive
Based on genome sequencing and bioinformatics methods, yigP
gene had been found in more than eighty species. However, none
of them had been veriﬁed by experiments, just with the annotation
as a putative protein. In addition, several short open reading
frames (ORF) have been found within the region of yigP by our se-
quence analysis. So we wonder if the complementary function
comes from the short open reading frames.
Thus, two different fragments of yigP gene, P1P3 and P4P2, were
obtained by PCR using different primers (Fig. 1), and constructed
into vector pMD18-T (TaKaRa), in which the yigP fragments can
be transcribed by the promoter on the vector. Then the comple-
mentary experiments were performed to check which fragment
could cure the temperature sensitive plasmid pMAK-102.
The results showed that the expression of fragment P4P2, but
not P1P3, could perform the same function as the wild-type yigP,
to complement the chromosomal deﬁcient yigP gene, suggesting
the complementary function may be undertaken by this fragment
rather than full-length yigP. Accidentally, we found that fragment
P4P2 has an unconservative promoter at P4 end (Unpublished re-
sults). Subsequently, more experiments were performed to deci-
pher the border of functional fragment. Two sets of linked
primers, P4, P41, P42, P43, P44 and P2, P20, P21, L9, L2, P24, were
used to amplify P4P2 fragments with different lengths (Fig. 1). The
resulting fragments were constructed into a pUC18 derivative plas-
mid without promoter upstream of the foreign gene. The recombi-
nant plasmids were used to perform complementary experiments,
separately.
The results showed that plasmids containing P4P2, P41P2,
P42P2, P43P2, and P43P20 could cure the temperature sensitive
plasmid pMAK-102, but plasmids with P44P2, P43P21, P43L9,P43L2, P43P24 could not replace the temperature sensitive plas-
mid to complement chromosomal deﬁciency. These results show
that only fragments longer than P43P20 could exhibit the comple-
mentary activity. In addition, the chromosomal insertion of yigP
destroyed the promoter of fragment P43P20 (Fig. S3), suggesting
the lethal effect may be caused by P43P20 rather than yigP, and
P43P20 may be contains an essential gene for E. coli to survive.
In order to differentiate this gene from yigP gene, we named it as
esre (essential sRNA in E. coli), taking into consideration what we
found below.
3.3. Esre encodes a 252 nt RNA
Since esre has its own promoter, the next interesting issue is the
product of this promoter. RACE technology was used to detect both
ends of esre transcriptional product, which could tell us the se-
quence of esre RNA.
50 RACE was used to determine the 50 end of esre as described in
Section 2. Stochastic four fragments obtained by 50 RACE were se-
quenced, and two of them pointed to the same position (Fig. S3),
this unlikely obtained by coincidence, since degradation is random
and will generates so many different ends. Therefore, we con-
cluded that the 50 end of esre transcript is located at site
4018000. Nevertheless, it does not rule out the possibility that this
50 end is produced by RNA processing after transcription, since pro-
cessing of a structured RNA is usually quite precise.
Then, the 30 end of esre was determined by 30 RACE technology.
Since protokaryotic RNA lack poly-A tail, it is difﬁcult to differenti-
ate integrated 30 end from degradatived ones. So we compared sto-
chastic 11 fragments obtained by 30 RACE, and four of them shared
the same end (Fig. S3), indicating the 30 end of esre locates 252 bp
downstream of the 50 end. While six of the others scattered in dif-
ferent region upstream of this site, this probably caused by RNA
degradation. Interestingly, one of them stopped 9 bp downstream
of the 30 end, we speculate this may be caused by transcription
leakage.
The 50 end of esre is adjacently downstream of its promoter, and
the 30 end of esre is almost the same end as the minimum func-
tional fragment P43P20, which can be further evidences that they
came from the integrated RNAs. This means that esre encodes a
RNA of 252 nt in length.
3.4. Esre is not a protein gene
Since previous experiments have revealed that the chromo-
somal inactive esre can be complemented in trans, which denies
the possibility of esre to be a cis-element, indicating esremay func-
tions at RNA or protein level. In addition, RACE experiments re-
vealed that the encoding region of esre is only 252 bp, which is
less possibility for a protein gene, especially for an essential pro-
tein gene. Therefore, further experiments were performed to con-
ﬁrm this issue.
Due to RNA genes are immune to frameshift mutations while
protein coding gene not, it is an effective way to distinguish an
RNA gene from a protein coding gene via frameshift mutation. By
sequence analysis of the P43P2 fragment, the functional fragment
of esre, 9 potential open reading frames (Fig. 3, ORFs less than 15
codons were not considered) were found within it, the reverse
strand was also concerned.
Then, we introduced frameshift mutation to P43P2 fragment at
four speciﬁc sites (1–4 as shown in Fig. 3) by overlap extension
PCR, respectively. The obtained four mutant fragments were then
cloned to pMD18-T, resulting four plasmids named pT-001, pT-
002, pT-003, pT-004, respectively. Each of these plasmids was used
to perform complementary experiments to check whether it could
cure the temperature sensitive plasmid pMAK-102.
ORF9
ORF1
ORF2
ORF3
ORF4
ORF5
ORF6
ORF7
ORF8
Fig. 3. Potential open reading frames (ORF) in esre. Nine potential ORFs (ORF1 to ORF9) within P43P2 fragment and four frame shift mutation sites in this study are indicated.
Transcription Start Site has also been indicated.
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Fig. 4. Predicted minimum free energy (MFE) secondary structure of esre RNA using
RNAfold server. The site of single nucleotide mutation has also been indicated (1, 2,
3, 4, 5).
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mids could cure the temperature sensitive plasmid, since muta-
tions at site 1, 2, 3 and 4 could cover all of the 9 potential OFRs,
their complementary capability are strong evidences that all of
the 9 potential ORFs are immune to frameshift mutation. In addi-
tion, no sequence like Shine-Dalgarno sequence was found up-
stream of these ORFs. These exclude the possibility of esre to be a
protein coding fragment.
3.5. Esre encods a non-coding RNA
As far as we know, the DNA fragments on a chromosome
achieve their function by following ways. Firstly, they can perform
as a cis element, like promoter, enhancer, etc. Secondly, they may
function as genes, coding proteins or RNAs to participate in the life
activities. In above experiments, the fact that wild type esre on
plasmid could also complement the chromosomal mutant esre
illustrates that esre exhibits its function by trans, and the frame
shift mutations exclude esre to be a protein coding gene. In addi-
tion, it has been proved that esre is 252 bp in size, which seems
too long for a DNA site and a little short for a protein gene, all of
these indicate esre may be a non-coding RNA gene.
Unlike mRNA, non-coding RNAs always fold complex secondary
structures to achieve their functions, and their functions depend
mostly on their secondary structures. The secondary structure of
esre was simulated using RNAfold server [24] based on minimum
free energy (MFE) theory (Fig. 4). The result showed esre folds into
a complex structure with four distinct stem-loops (A, B, C and D;
Fig. 4). Moreover, structures of the four frame shift mutants of esre
described above were also simulated and the results showed mu-
tants at site 1, 2, 3, 4 did not affect the second structure of esre,
all of the four mutants share similar structure with wild-type esre
(Fig. 5A–D). In order to rigorously clarify whether esre depends on
its second structure, esremutant with different structure should be
tested of the complementary capability.
By analysis of the secondary structure of esre, we found the only
adenine at site 5 is stretched by two stems beside it (Fig. 4), dele-
tion of this adenine caused sequence shift that adversely for base
pairing and ultimately disrupt the stem-loop D (Fig. 5E), and
another nucleotide whether thymine or cytosine at this site will
restore the secondary structure of esre (Fig. 5F, G). So deletion
mutation at site 5(A5⁄), as well as two point mutations (A5T and
A5C) were constructed into pMD18-T respectively, and the
complementary experiments were performed to test their comple-
mentary capability. The results showed that plasmids pT-A5T and
pT-A5C could function as the wild type esre to cure the plasmid
pMAK-102, while pT-A5⁄ failed. This is strong evidence that the
function of esre depends mostly on its secondary structure, its
function will be lost once the structure is disrupted, which is a
typical trait of non-coding RNAs.It has been founded that essential sRNA genes, as opposed to
the regulatory sRNA genes, evolve to have a high GC content to
gain more rigid structure. Esre has a GC content of 57.5%, approxi-
mately the same as known essential sRNAs. The length of esre, 252
nt, is corresponding to the sRNAs found in E. coli. Referring back to
the result that esre is essential for E. coli, we conclude esre is a new
essential sRNA in E. coli.
4. Discussion
Derivated accidentally from another research, this study fo-
cused on the esre gene and got some interesting achievements.
Complementary experiment was used mostly in this study, but it
is apagogical for this study, so we are very cautious toward its re-
sult. Initially we suspect the uncurable of plasmid pMAK-102 is
due to technique, other than theory, but repeated experiments
with several plasmids as well as rigorous controls ultimately join
forces to prove that esre is an essential gene in E. coli. Esre was
found in the coding region of yigP, which was annotated as a pro-
tein coding gene in GenBank based on sequence analysis. Though
yigP has not been conﬁrmed by experiment, the quite sequence
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indicate its existence. Since most sRNAs were found in intergenic
region between ORFs, this is very interesting that a sRNA locates
within a protein gene, and more studies are needed to reveal the
meaning and mechanism about this.
Another important issue in this study is that esre was found to
be a sRNA gene. Four precise frame shift mutations disrupted sig-
niﬁcantly all of the ORFs in both strands, which was a well-docu-
mented negation that esre could encode protein. Secondary
structure simulation and a series of corresponding mutations show
that the function of esre depends mostly on its secondary structure,
once the mutation changes its secondary structure, esrewill lost its
function completely. This is a direct, and powerful evidence that
esre is a sRNA gene. In addition, the length and GC content of esre
correspond to the sRNA molecules have been found in E. coli. sup-
port the hypothesis.
In 2000, Poon et al. reported that ubiE, yigP, and ubiB composed
to be an operon and co-transcribed by the promoter upstream of
ubiE gene, for that the mutant E. coli. strain AN59 was discovered
to be an IS1 element located in the ubiE coding region causing a po-
lar mutation that affect the downstream ubiB gene [19]. And this
gives rise to an interesting question, why the polar mutation in
ubiE did not cause inviability of the cell, since esre is an essential
gene, which has been proved in this study. The doubt was dis-
missed until we found that esre has its own promoter. The most
probable case is that the operon promoter upstream of ubiE
transcribes ubiE, yigP, ubiB as one mRNA for protein synthesis,
meanwhile, the esre promoter transcribes esre as a sRNA indepen-
dently. If so, there will be a terminator at the end of esre to stop the
transcription of esre, then the question is, how cans the transcrip-tion from the upstream promoter overcomes esre terminator? This
is another point for more studies.
Up to now, dozens of sRNAs have been identiﬁed in E. coli, most
of them are non-essential, regulatory sRNAs. They regulate their
target genes with similar mechanism, via binding with their tar-
gets by base pairing to regulate the expression of target genes.
They usually share same sequences with their targets for base pair-
ing, which are the basis of sRNA targets prediction by bioinformat-
ics [3,25–27]. Up to now, only limited essential sRNAs have been
found in bacteria. Ribozyme M1 RNA composes with C5 protein
to be endonuclease RNase P, which was responsible for the 50
end maturation of bacterial tRNA [14,15]. 4.5S RNA and Ffh protein
constitute the signal recognition particle, which recognizes the sig-
nal sequence of new peptide synthetized by ribosome[16]. TmRNA
has a tRNA analogous domain and a mRNA analogous domain, it
can relieves synthesizing illegal mRNAs from ribosomes, and tags
the synthesized illegal peptides with degradative signals [17,18].
Essential sRNA usually works with proteins, and base pairing with
target is not the main mechanism in essential sRNAs, and the pair-
ing sequence is usually too short to be used for target predication.
Each of the known essential sRNAs has its unique mechanism, so
they can not provide enough information for the functional predi-
cation of new essential non-coding RNAs. Because of the reasons
above, it is unwise to predict the function and mechanism of esre,
even though esre has important essential function and probably
has a distinct mechanism as other essential sRNAs. To reveal the
mechanism of esre, nucleic acid interactions screening and nucleic
acid-protein interactions screening at a large scale were needed
ﬁrstly to ﬁnd its component or target, and this will provides excel-
lent guidance for deep researches.
1200 Z. Chen et al. / FEBS Letters 586 (2012) 1195–1200Role of the funding source
This work was supported by National Natural Science Founda-
tion of China (31070073).
Acknowledgements
We express our sincere gratitude to Dr. Yunxia Zhu, Dr. Xiao-
bing Lv, Prof. Dr. Changsheng Zhang, and members of our lab for
their helpful comments on a manuscript draft and discussions.
Appendix A. Supplementary data
Supplementary data associated with this article can be found,
in the online version, at http://dx.doi.org/10.1016/j.febslet.
2012.03.010.
References
[1] Lenz, D.H., Mok, K.C., Lilley, B.N., Kulkarni, R.V., Wingreen, N.S. and Bassler, B.L.
(2004) The small RNA chaperone Hfq and multiple small RNAs control quorum
sensing in Vibrio harveyi and Vibrio cholerae. Cell 118, 69–82.
[2] Masse, E., Vanderpool, C.K. and Gottesman, S. (2005) Effect of RyhB small RNA
on global iron use in Escherichia coli. J. Bacteriol. 187, 6962–6971.
[3] Gottesman, S. et al. (2006) Small RNA regulators and the bacterial response to
stress. Cold Spring Harb. Symp. Quant. Biol. 71, 1–11.
[4] Barrangou, R., Fremaux, C., Deveau, H., Richards, M., Boyaval, P., Moineau, S.,
Romero, D.A. and Horvath, P. (2007) CRISPR provides acquired resistance
against viruses in prokaryotes. Science 315, 1709–1712.
[5] Schembri, F. et al. (2009) MicroRNAs as modulators of smoking-induced gene
expression changes in human airway epithelium. Proc. Natl. Acad. Sci. U.S.A.
106, 2319–2324.
[6] Hershberg, R., Altuvia, S. and Margalit, H. (2003) A survey of small RNA-
encoding genes in Escherichia coli. Nucleic Acids Res. 31, 1813–1820.
[7] Delihas, N. and Forst, S. (2001) MicF: an antisense RNA gene involved in
response of Escherichia coli to global stress factors. J. Mol. Biol. 313, 1–12.
[8] Carter, R.J., Dubchak, I. and Holbrook, S.R. (2001) A computational approach to
identify genes for functional RNAs in genomic sequences. Nucleic Acids Res.
29, 3928–3938.
[9] Wassarman, K.M., Repoila, F., Rosenow, C., Storz, G. and Gottesman, S. (2001)
Identiﬁcation of novel small RNAs using comparative genomics and
microarrays. Genes Dev. 15, 1637–1651.[10] Tjaden, B., Saxena, R.M., Stolyar, S., Haynor, D.R., Kolker, E. and Rosenow, C.
(2002) Transcriptome analysis of Escherichia coli using high-density
oligonucleotide probe arrays. Nucleic Acids Res. 30, 3732–3738.
[11] Washietl, S., Hofacker, I.L. and Stadler, P.F. (2005) Fast and reliable prediction
of non-coding RNAs. Proc. Natl. Acad. Sci. U.S.A. 102, 2454–2459.
[12] Gvakharia, B.O., Tjaden, B., Vajrala, N., Sayavedra-Soto, L.A. and Arp, D.J. (2010)
Computational prediction and transcriptional analysis of sRNAs in
Nitrosomonas europaea. FEMS Microbiol. Lett. 312, 46–54.
[13] Waters, L.S. and Storz, G. (2009) Regulatory RNAs in bacteria. Cell 136, 615–
628.
[14] Frank, D.N. and Pace, N.R. (1998) Ribonuclease P: unity and diversity in a tRNA
processing ribozyme. Annu. Rev. Biochem. 67, 153–180.
[15] Walker, S.C. and Engelke, D.R. (2006) Ribonuclease P: the evolution of an
ancient RNA enzyme. Crit. Rev. Biochem. Mol. Biol. 41, 77–102.
[16] Keenan, R.J., Freymann, D.M., Stroud, R.M. and Walter, P. (2001) The signal
recognition particle. Annu. Rev. Biochem. 70, 755–775.
[17] Keiler, K.C., Waller, P.R. and Sauer, R.T. (1996) Role of a peptide tagging system
in degradation of proteins synthesized from damaged messenger RNA. Science
271, 990–993.
[18] Gillet, R. and Felden, B. (2001) Emerging views on tmRNA-mediated protein
tagging and ribosome rescue. Mol. Microbiol. 42, 879–885.
[19] Poon, W.W., Davis, D.E., Ha, H.T., Jonassen, T., Rather, P.N. and Clarke, C.F.
(2000) Identiﬁcation of Escherichia coli ubiB, a gene required for the
ﬁrst monooxygenase step in ubiquinone biosynthesis. J. Bacteriol. 182,
5139–5146.
[20] Hamilton, C.M., Aldea, M., Washburn, B.K., Babitzke, P. and Kushner, S.R.
(1989) New method for generating deletions and gene replacements in
Escherichia coli. J. Bacteriol. 171, 4617–4622.
[21] Bensing, B.A., Meyer, B.J. and Dunny, G.M. (1996) Sensitive detection of
bacterial transcription initiation sites and differentiation from RNA processing
sites in the pheromone-induced plasmid transfer system of Enterococcus
faecalis. Proc. Natl. Acad. Sci. U.S.A. 93, 7794–7799.
[22] Frohman, M.A., Dush, M.K. and Martin, G.R. (1988) Rapid production of full-
length cDNAs from rare transcripts: ampliﬁcation using a single gene-speciﬁc
oligonucleotide primer. Proc. Natl. Acad. Sci. U.S.A. 85, 8998–9002.
[23] Baba, T. et al. (2006) Construction of Escherichia coli K-12 in-frame, single-gene
knockout mutants: the Keio collection. Mol. Syst. Biol. 2. 2006 0008.
[24] Gruber, A.R., Lorenz, R., Bernhart, S.H., Neubock, R. and Hofacker, I.L. (2008)
The Vienna RNA website. Nucleic Acids Res. 36, W70–W74.
[25] Murphy, E.R. and Payne, S.M. (2007) RyhB, an iron-responsive small RNA
molecule, regulates Shigella dysenteriae virulence. Infect. Immun. 75, 3470–
3477.
[26] Podkaminski, D. and Vogel, J. (2010) Small RNAs promote mRNA stability to
activate the synthesis of virulence factors. Mol. Microbiol. 78, 1327–1331.
[27] Marchais, A., Duperrier, S., Durand, S., Gautheret, D. and Stragier, P. (2011)
CsfG, a sporulation-speciﬁc, small non-coding RNA highly conserved in
endospore formers. RNA Biol 8.
